INTRODUCTION
Studying biological key events within complex model systems relies on dynamic and functional imaging at optimum spatial and temporal resolution. Light microscopy (LM) allows visualization of dynamic cellular events in tissues, whereas electron microscopy (EM) remains the only method so far to reveal the complete subcellular architecture at nanometer resolution (Bourne and Harris, 2008) . Correlative light and electron microscopy (CLEM) combines the advantages of both imaging modalities, allowing targeting the events of interest in space and time, using LM and subsequently resolving the ultrastructure of the same volume with EM (de Boer et al., 2015; Karreman et al., 2016a; Mironov and Beznoussenko, 2009 ). In particular, CLEM has greatly advanced our understanding of complex neuronal connectivity matrices by revealing the ultrastructural architecture and dynamics of neurites and synapses (Blazquez-Llorca et al., 2015; Genoud et al., 2006; Maco et al., 2013 Maco et al., , 2014 ). However, a major methodological hurdle remains the correlation of LM and EM datasets by accurately tracking the position of the region of interest (ROI) within the EM specimen. For voluminous specimens such as the mouse brain, ROIs can be retrieved by screening serial thick (50-100 mm) vibratome sections of the tissue (Li et al., 2011) . Nevertheless, serial EM imaging of large tissue samples is very cumbersome and results in unnecessarily large datasets. Currently, LM inspection to confine an ROI within the EM specimen is the most common approach for CLEM. For this purpose, fiducials are needed, which are detectable in both LM and EM. The ROIs can be marked by photo-oxidation of fluorophores (Grabenbauer et al., 2005) , by affinity labeling with peroxidases (Knott et al., 2009) or by the use of exogenous fiducial markers like polymer beads (Kukulski et al., 2012) , quantum dots (Masich et al., 2006) , or nearinfrared branding (NIRB) (Bishop et al., 2011) . Although useful, these approaches require processing of the tissue samples and thereby might obscure the target structure or even deteriorate their ultrastructure. Alternatively, endogenous landmarks, which surround the ROI providing both LM and EM contrast, can be used as a guide to retrace the position of the ROI following EM processing (Karreman et al., 2016b) . Unfortunately, resin embedding for EM preparations covers endogenous landmarks, thus prohibiting marker identification by EM. Although there are some protocols to reduce resin embedding, these methods comprise several delicate preparation steps or specialized equipment (Kizilyaprak et al., 2014; Belu et al., 2016; Lucas et al., 2017; Schieber et al., 2017) . These issues were addressed by developing a ''flat embedding'' preparation to enable direct LM visualization of endogenous fiducial markers, present throughout the brain parenchyma. We show that blood vessels, nuclei, and myelinated axons can be used for precise correlation of LM and EM images with micrometer accuracy, allowing retrieval of structures as small as single synapses. A wide range of optical microscopic modalities, including wide-field, differential interference contrast (DIC), and confocal and reflectance microscopies can be used to visualize these endogenous landmarks with minimal labeling effort or even in a completely label-free manner. The feasibility of the protocol was confirmed by revealing the intimate interplay of perisynaptic astrocytic processes and dendritic spines, previously imaged by in vivo two-photon microscopy and subsequently relocated and imaged by focused ion beam scanning electron microscopy (FIB/SEM) with nanometer resolution.
RESULTS

Natural Landmarks for 3D-CLEM
Blood vessels, nuclei, and myelinated axons are excellent fiducial markers for 3D-CLEM since they fulfill the following criteria: (1) sufficient contrast in LM and EM, (2) distinctive size and shape, and (3) sufficient density to restrict the volume of correlation (Figure 1 ). They can be readily recognized by DIC ( Figure 1A ) and FIB/SEM ( Figure 1K ). The precise 3D position of these landmarks in proximity to the target dendrite can be mapped by various confocal microscopic techniques ( Figures 1A-1C ). Confocal laser scanning microscopy (CLSM) enables high-resolution imaging of nuclei, stained with the cell-permeant DNA-binding dye DRAQ5 ( Figure 1B ). Since DRAQ5 is a vital dye, tissue permeabilization can be omitted, which bears the risk of ultrastructural deterioration. In addition, spectral confocal reflectance microscopy (SCoRe) (Schain et al., 2014) can be used for direct, label-free visualization of myelinated axons ( Figure 1C ). Spatial distances between a randomly selected dendritic segment and its surrounding landmarks in cortical layer I were determined to confirm that landmarks are sufficient for precise CLEM alignment ( Figures 1E-1J ). The average distance between a dendrite and either blood vessels ( Figure 1E ) or nuclei ( Figure 1F ) equaled 25.5 mm or 26.7 mm, respectively ( Figure 1J ). The distinct morphology of both markers facilitated the identification of ROIs by triangulation of the landmarks. Myelinated axons (Figures 1C and 1G) are present in higher density and subsequently at closer vicinity to the target dendrite, with an average distance of 9 mm ( Figure 1J ), thus further increasing the precision of ROI retrieval.
''Flat-Embedding'' Preparation for CLEM
To demonstrate the applicability and precision of the presented CLEM preparation method, several ROIs with Thy1.2-eGFP-expressing dendritic tufts in the somatosensory cortex of Thy1.2-GFP-M mice were imaged by in vivo 2-photon microscopy and subsequently relocated in vibratome sections ( Figures 2D-2F ). Vibratome sections were immobilized on glass slides to maintain specimen orientation during LM and EM preparation. To identify the sections containing the ROI, brain slices were recorded with an epifluorescence microscope to reconstruct the dissected cortex with an imaging software (Adobe Photoshop), based on its unique blood vessel pattern ( Figure 2D ).
ROI-containing brain sections were further processed for EM ( Figure 3A ). Excessive resin, covering the brain tissue, was removed by draining and centrifugation to enable direct macroscopic inspection of the tissue surface ( Figures 3B and 3C ). Superimposition of bright field ( Figure 3B ) and SEM ( Figure 3C ) micrographs, based on the characteristic outline of the brain section, was sufficient for an immediate macroscopic correlation. The preparation protocol preserved the integrity of the specimens without major tissue shrinkage or corrugations ( Figures 3B and 3C ), as could be expected from dehydration. Suitable fiducials for CLEM could be identified in SEM due to the carbon coating of the specimen: since carbon has lower yields of backscattered electrons (BSE) and secondary electrons (SEs), compared with heavy metals, it appears transparent and superficial structures of the tissue become detectable. Structures lying in greater depth become visible by slightly increasing the accelerating voltage ( Figure S1 ). The distinctive sizes and shapes of the apparent natural landmarks (blood vessels appear as channels or large holes, nuclei as dark dots) were used for the subsequent superimposition of light and electron micrographs, to define the target area in x/y direction ( Figures 3D-3F ).
3D Landmark Correlation of LM and FIB-SEM Datasets
After identification of the target area on the specimen surface, FIB milling was used to gain access into the brain tissue containing the dendrite of interest, which was previously imaged by in vivo 2-photon microscopy. Milling time, and consequently costs, were reduced by milling the trench toward the volume of interest with high beam current, which was stepwise decreased, while approaching the final block face of 70 3 50 mm ( Figures 4A-4C ). Since block-face micrographs exhibit sufficient landmarks for correlation, the position of the ROI could be identified by correlating the FIB/SEM 3D reconstructions of nuclei and blood vessels with the corresponding CLSM 3D data in Amira ( Figure 4D) . A rough 3D reconstruction of the dense axonal network further facilitated the identification of the target dendrite (Figures 3E and 3F ; Video S1), thus reducing the ROI to 15 3 15 mm ( Figure 4C ). The final ROI images were acquired with high resolution (pixel size in x/y: 5 nm) every 15 nm, whereas low-resolution overview images (pixel size in x/y: 27 nm) of the entire block-face area were recorded every 1 mm in z ( Figures 4B and 4C ) to confirm or eventually adjust the position of the ROI ''on the fly.''
CLEM of Dendritic Spine Lifetime and Astrocytic Synapse Coverage
The concept of the ''tripartite synapse'' refers to the functional integration and physical proximity of astrocytic processes with pre-and postsynaptic elements of the chemical synapse (Araque et al., 1999) . However, experimental dissection of the morpho-functional relationship between these structures is hampered by the very small size of perisynaptic astrocytic processes (PAPs), which is below the resolution limit of conventional LM (Heller and Rusakov, 2015; Panatier et al., 2014) . CLEM in combination with the ''flat-embedding'' protocol is suitable to study the morpho-functional interactions between PAPs and their corresponding synapses at an ultrastructural level. Hereby, we were able to investigate whether the extent of synaptic PAP coverage correlates with the lifetime of post-synaptic partners. To assess the lifetime of dendritic spines, chronic in vivo 2-photon microscopy in the somatosensory cortex of adult Thy1.2-GFP-M mice (Feng et al., 2000) was performed. The dynamics of eGFP-labeled spines on apical dendritic tufts of layer V pyramidal neurons were monitored before and during enriched environment exposure of mice (Jung and Herms, 2014) . As documented by the micrograph time series ( Figure 5A ), enriched environment substantially and persistently promoted spinogenesis and thus increased the amount of newly formed spines accessible for lifetime analysis. Subsequently, target dendrites were relocated in vibratome sections and respective EM specimen by flat embedding and triangulation of natural landmarks. Correlation of in vivo 2-photon microscopy, ex vivo CLSM, and FIB/SEM 3D datasets ( Figures 5A-5D ) demonstrates that structural integrity of the corresponding dendrites and dendritic spines (Figures 2C-2F) was well preserved throughout CLEM preparation. Based on the FIB/SEM tomograms, tripartite synapses were reconstructed in 3D to determine the perimeter of the synaptic cleft and its astrocytic coverage ( Figure 5E and Videos S2 and S3). Correlation of these structural parameters with dendritic spine lifetime revealed that the fraction of synaptic perimeter surrounded by PAPs on average amounts to 37% and scales neither with synaptic cleft area nor with spine age (Figures S4A and S4B ). The synaptic perimeter of a few old spines (lifetime R41 days) was even completely devoid of PAPs.
DISCUSSION
Methodological hurdles in CLEM are the re-localization of a rather small target volume within a large tissue volume, changing sample orientation during the transition between different microscopy modalities, and structural distortions or preparation artifacts caused by artificial fiducials (de Boer et al., 2015; Grabenbauer, 2012; Karreman et al., 2016a) . Current CLEM approaches, based on artificial fiducials, suffer from several drawbacks (Table 1) : (1) labeling with electron-dense precipitate or fluorescent beads/quantum dots can obscure ultrastructural details; (2) fixation and harsh permeabilization conditions, required for antibody labeling, compromise ultrastructure; (3) delivery of tracers to living tissue may induce toxic side effect; and (4) NIRB is mainly used to mark the surface of the sample, as light scattering within the tissue limits the depth of NIRB (Karreman et al., 2014) .
To circumvent these technical drawbacks we introduce a ''flat-embedding'' protocol of vibratome sections, ideal for both SEM and FIB/SEM investigations (Figures 1, 2 , S1, S2, and S3). Due to their thickness of approximately 50 mm, vibratome sections can be: (1) adequately fixed, even as large slices (e.g., 20 mm 2 ), (2) investigated entirely at low and high magnifications with LM and SEM ( Figures 3B and 3C ), and (3) milled by FIB/SEM in their entire thickness ( Figure 4C ). Since tissue sections can be permanently immobilized on glass slides, their orientation does not change in the transition from LM to FIB/SEM (Figures 3B and 3C) . The complex correlation of LM and SEM data can be achieved by a simple overlay of the LM image, depicting the sample surface, onto the SEM image of the resin-embedded section ( Figure 3F ), with its characteristic topography (SE image) and material contrast information (BSE image). In addition to the direct surface topography, subsurface information can be gathered at high voltages, as the BSE signal can be detected within a depth of approximately 3 mm at 25 kV ( Figures S2 and S3) . Thereby, the surface of the specimen becomes transparent and prominent structural features as nuclei and axons become visible with strong contrast ( Figure S3 ). DIC microscopy yields sufficient resolution and depth of field to visualize blood vessels, nuclei, and myelinated axons simultaneously ( Figure 1A ). Furthermore, SCoRe microscopy can be applied to visualize myelinated axons based on their high refractive index in a label-free manner (Schain et al., 2014 ) ( Figure 1C ). Axons are excellent high-resolution fiducials for brain tissue, due to their high density and strong BSE signal in SEM ( Figures 1K and S2 ). As nuclei and blood vessels are abundantly present in all animal tissues, this method can also be used for various organs like kidney, liver, and skin.
A reduction of the laborious FIB/SEM trench milling could be achieved by stepwise adjusting the ion beam current depending on the trench position, thus saving time and costs ( Figures 4A and 4B ). Monitoring the constantly increasing block face every 0.5-1 mm provides essential information about the position of the relevant landmarks, which can be reconstructed in 3D and compared with the LM stacks for possible corrections or fine adjustments ( Figures 4C and 4D ). Since the cross-section of the glass slide serves as absolute reference for precise alignment, an exact correlation is ensured ( Figure 4C ) (Luckner and Wanner, 2018) . These improvements reduce the CLEM workflow and make artificial fiducials and delicate trimming needless (Kolotuev et al., 2012) .
The high precision of the presented CLEM method was demonstrated by in vivo 2-photon microscopy of single dendritic spines and their subsequent identification within a resin-embedded tissue by FIB/SEM Detailed information could be gathered about dendritic spine lifetime and morphometric measurements of the corresponding tripartite synapse at nanometer resolution ( Figure 5 ). Our data show that astrocytic coverage of the synaptic cleft does not proportionally scale with either the synapse size or the synapse age (Witcher et al., 2007) , indicating that smaller, newly formed spines, as well as established larger spines, have equal access to extracellular glutamate, which is restricted by astroglial ensheathment of the synaptic perimeter. Thus, astrocytes may facilitate integration of synapses by preventing transmitter spillover between neighboring excitatory synapses (Ostroff et al., 2014) . Although we did not detect a change of astrocytic coverage during synapse maturation under basal conditions, it has been shown to increase during periods of enhanced neuronal activity to augment glutamate clearance and preserve synaptic response (Genoud et al., 2006) . Furthermore, the observation that the synaptic perimeters of some persistent spines are completely devoid of astroglial processes indicates that permanent astrocytic coverage might not be mandatory for the maintenance of excitatory synapse stability (Bernardinelli et al., 2014 ) ( Figure S4 ).
Summarizing, we introduce a precise and efficient CLEM preparation method, which (1) circumvents the need of artificial fiducials, (2) is compatible with widely accessible optical microscopic techniques, and (3) is suitable for various scientific questions.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. In vivo 2-photon micrographs of eGFP-labeled apical dendrites of layer V pyramidal neurons in the somatosensory cortex imaged before and during enriched environment. Enriched environment exposure started at day 18 and was continued until end of the imaging period. White arrowheads mark spines that formed newly and remained stable for at least two consecutive imaging time points; gained and lost spines are labeled with green and magenta arrowheads, respectively. Scale bar = 5 mm.
(B-D) Comparative juxtaposition of the same dendritic segment recorded by in vivo 2-photon (B), ex vivo CLSM (C) and FIB/SEM microscopy (D). White boxes indicate dendritic spines that were detected in high-resolution CLSM microscopy and FIB/SEM; white arrowheads indicate spines that were detected in all imaging modalities. Scale bar = 2 mm. (E) 3D reconstructed FIB/SEM tomogram of a complete tripartite synapse (A, astrocyte; D, dendrite; M, mitochondrion; PSD, postsynaptic density; Sp, spine; SV, synaptic vesicles). Inset shows a single micrograph of the corresponding FIBS/SEM stack depicting a dendritic spine (green) with associated presynapse (yellow) and astrocyte (purple). Scale bar = 1 mm. Related to Figure S4 .
Blazquez-Llorca, L., Hummel, E., Zimmerman, H., Zou, C., Burgold, S., Rietdorf, J., and Herms, J. 
Transparent Methods
Animals
Female and male 2-3 months old heterozygous GFP-M mice (Tg(Thy1-EGFP)MJrs from Jackson Laboratory, Bar Harbor, Maine) were used (Feng et al., 2000) . Mice were group-housed under pathogen-free conditions and bred in the animal housing facility of the Center of Stroke and Dementia Research, with food and water provided ad libitum (21 ± 1°C, at 12/12 hour light/dark cycle). All experiments were carried out in compliance with the National Guidelines for Animal Protection, Germany with the approval of the regional Animal care committee of the Government of Upper Bavaria, and were overseen by a veterinarian.
Cranial window implantation
Before use, surgical tools were sterilized in a glass-bead sterilizer (FST). Mice were anesthetized by an intra-peritoneal injection of ketamine/xylazine (140/10 mg/kg body weight, WDT, Bayer Health Care). In order to prevent cerebral edema Dexamethasone (6 mg/kg body weight, Sigma Aldrich) was injected intraperitoneally.
Subsequently, mice were placed onto a heating blanket (37 °C) and the head was fixed in a stereotactic frame. Eyes were protected from drying by applying eyeointment (Bepanthen, Bayer). The scalp was washed with swabs soaked with 70 % ethanol. A flap of skin covering the cranium was excised using small scissors. The periosteum was scraped away with a scalpel. The prospective craniotomy location (1.5-2.5 mm AP and 0-4 mm ML relative to bregma) was marked with a biopsy punch (diameter 4 mm, Integra LifeSciences). The exposed skull around the area of interest was covered with a thin layer of dental acrylic (iBond Self Etch, Hereaus Kulzer) and hardened with a LED polymerization lamp (Demi Plus, Kerr). A dental drill (Schick Technikmaster C1, Pluradent) was used to thin the skull around the marked area.
After applying a drop of sterile phosphate buffered saline (DPBS, Gibco, Life Technologies) on the craniotomy the detached circular bone flap was removed with forceps. A circular coverslip (4 mm diameter, VWR International) was placed onto the craniotomy and glued to the skull with histoacryl adhesive (Aesculap). The exposed skull was covered with dental acrylic (Tetric Evoflow A1 Fill, Ivoclar Vivadent) and a head-post was attached parallel to the window for head-fixing mice in subsequent imaging sessions. After surgery, mice received a subcutaneous dose of the analgesic Carprophen (7.5 mg/kg body weight, Rimadyl, Pfizer) and antibiotic Cefotaxim (5 mg/kg body weight, Pharmore). Finally, mice were allowed to recover from surgery on a heating blanket.
Chronic in vivo two-photon microscopy
In vivo two-photon imaging started 4 weeks after cranial window implantation, using a multiphoton LSM 7 MP microscope (Zeiss) equipped with a fs-laser (Mai Tai   DeepSee and incubated overnight at 4 °C.
LM microscopy
Slides were imaged in "tile scan" mode of an Apotome.2 wide field microscope the slide was placed in a 50 ml falcon tube with a tissue paper at the bottom and centrifuged at 1000 rpm for 2 min. After samples were polymerized for 3 days at 60 °C, the glass was trimmed with a diamond pen and mounted on an aluminum stub with colloidal silver. Finally, the glass was covered with colloidal silver and the entire sample was carbon coated (thickness of 15-20 nm) by evaporation.
FIB/SEM microscopy
Mouse brain tissues were imaged in an Auriga 40 FIB/SEM workstation (Carl Zeiss Microscopy GmbH) operating under SmartSEM (Carl Zeiss Microscopy GmbH) and Atlas3D software (Fibics Inc., Ottawa, Ontario, Canada). To facilitate correlation, the 50 µm thick brain slice was milled down to the surface of the glass slide, which was used as a reference. Subsequently, a 70 µm long ramp was milled by FIB (for vibratome sections with a thickness of 50 µm and a FIB tilt angle of 54°, the length of the milling ramp can be calculated as tan54° = 1.374. In this case, the trapezoid trench has to be approx. 70 µm long). After milling of 20 µm in z-direction milling was stopped, the ion beam current reduced to 10 nA, and the milling depth increased to 10-20 µm. After additional 20 µm of length, the trench was milled with a depth of 30 µm, until the beam reaches the glass slide. While milling the ramp to get access to the target volume, key frames were taken to inspect the correlation landmarks (blood vessels, nuclei and myelinated axons) to determine the position of the target dendrite in all three dimensions. Final milling parameters were set to 1-2 nA milling current of the Ga-emitter. With each cycle 10-15 nm of epoxy resin was removed. SEM images were recorded with an aperture of 60 µm in the high current mode at 1.5 kV of the inlens EsB detector with the EsB grid set to -800-1200 V. Key frames were imaged with a pixel size of 20-27 nm and the ROI with a pixel size of 5-8 nm. Images series of 3000-4000 sections were recorded. In the synchronous mode of the ATLAS-System, the milling current and depth were adjusted to match milling time with exposure time set to 1 min. Automatic correction of focus (auto tune) and astigmatism (auto stig) was applied every 30 minutes.
3D reconstruction of LM and FIB/SEM image stacks
LM images of blood vessels, nuclei and myelinated axons were reconstructed in 3D using Imaris (Version 7.7.2, Bitplane). FIB/SEM image stacks were aligned, segmented and 3D reconstructed in Amira (FEI Company). For registration of the LM and FIB/SEM datasets, both 3D reconstructions were fit into each other manually by rotation and translation. FIB/SEM volume was used as a reference to adjust the LM/DIC reconstruction. Registration was performed by successive alignation of blood vessels, nuclei and finally myelinated axons to increase the precision of the correlation.
Image analysis
Amira 3D reconstructions of dendritic spines, corresponding presynapses and perisynaptic astrocytic processes were imported in Blender software for morphometric analysis. Volumes, surfaces and axon spine interfaces (ASI) were quantified with the plugins "NeuroMorph Measurement Tools" and "NeuroMorph Proximity Analysis" (Jorstad, A., Nigro, B., Cali, C. et al. 2015 and Barnes et al. 2015) . Astrocytic coverage was quantified by measuring the total perimeter of the ASI and the proportion that was covered by the astrocyte. 
